allowing the construction of a molecular model for both copies of the molecule without a need for noncrystallographic averaging. The current model includes residues 1093-1404 with good stereochemistry (Table 1) 
Genetic Analysis
In parallel with the structural work, we undertook a genetic analysis of the Pum RBD to identify residues involved in RNA binding as well as recruitment of Nos and Brat. Each of these activities was assayed in yeast using various protein-RNA and protein-protein interaction techniques. In brief, we randomly mutagenized a gene encoding the Pum RBD in vitro by error prone PCR, introduced the pool of mutant genes into yeast, and Figure 3) . However, the features that allow these proteins to bind peptides/proArm repeats align with both rotational and translational teins within an extended groove appear to provide the components in ␤-catenin and karyopherin-␣, giving rise basis for Pum mRNA binding. We identify the putative to superhelical structures in which the groove (or coninteraction surfaces for Nos and Brat from the crystal cave surface) winds around the rotation axis (Huber et structure, supported by mutational analysis of the Pum al., 1997; Conti et al., 1998). In contrast, Pum has a RBD. Taken together, these structural and genetic studconcave surface that lacks the twist observed in the ies provide an initial view of the evolutionarily conserved Arm repeat proteins. In overall topology, the Pum arc Puf domain and offer a framework for understanding the resembles the PR65/A subunit of pp2A (Figure 3 ), conassembly of an mRNA translation repression complex. taining 15 bihelical (H1 and H2) HEAT repeats (Groves et al., 1999). In particular, HEAT repeats 4 to 12 trace a
Results and Discussion
Pum-like arc, though with a somewhat deeper groove. Structure Determination A fragment of Pum, encompassing residues 1092 to Puf Repeats The choice of which three helices constitute a single 1411 (Figure 1 ), was expressed, purified, and crystallized as described (Edwards et al., 2000) . In brief, hexagonal Puf (or Arm) repeat is somewhat arbitrary. However, for consistency, we have chosen a register in which helix crystals from ammonium sulfate solutions, containing 2 molecules per asymmetric unit, were used to collect H3 lines the concave surface in both Pum and ␤-catenin (Figure 3) . Overall, the Puf repeats are more uniformly native and multiwavelength anomalous dispersion (MAD) data. The best MAD data were collected from a mercury stacked than either Arm or HEAT repeats, with no major discontinuities or kinks in the circular path. This uniforderivative, which together with the native data were used to compute experimental phases to 3.0 Å resolution mity in packing is reflected in regularity of structure, with rmsds between Puf repeats varying form 0.85 to (Table 1) . These phases were extended to 2.3 Å and a solvent-flattened electron density map calculated at that 1.6 Å . This is significantly narrower than the range of rmsds observed between Arm repeats in ␤-catenin resolution. The map showed excellent electron density, (0.75-2.25 Å ) and HEAT repeats in pp2A (1.0-2.8 Å ). to tail" dimer in our crystals, with a hydrophobic core running through the entire S-shaped dimer. Neither we, Nonetheless, there is clearly some structural variation between the Puf repeats, because the RMSD between nor others (Zamore et al., 1999), have found any evidence of Pum dimers in solution, either free or in comthe two Pum monomers in the crystallographic asymmetric unit is only 0.8Å . Visually, the most pronounced plex with RNA. Thus, it is unlikely that Pum forms the kind of dimer seen in the crystals in vivo. deviation from a regular 36 aa Puf repeat structure is a 4 aa insert in the loop between helices H1 and H2 in The Pum C-terminal tail may fold to form a ninth Puf repeat. The tail sequence contains a pattern of hyrepeat 8. This extra long loop contains a solvent exposed phenylalanine (F1367) close to the inferred Nos and Brat drophobic residues which, as seen in the structure, are important for both inter-and intrarepeat contacts (Figure binding sites (discussed below). Moreover, this region is poorly defined in our electron density map, implying 1). Accordingly, the first 11 residues of the partial C-terminal tail in our crystals fold into an H1-like ␣ helix. flexibility that may be important for interactions with these cofactors. Helix H1 in repeats 5 and 6 is also However, the ensuing ten residues, which have the potential to form helix H2, are disordered. This suggests slightly distorted, resulting in a small twist in the middle of the molecule. Consequently, the H3 helices from rea requirement for H3 for proper folding, the residues for which are missing from our protein construct. Because peats 6-8 are not quite parallel to those from repeats 1-5 (Figure 2) . the C-terminal tail sequence is more variable than repeats 1-8, within the same domain as well as across The conservation of hydrophobic residues at strategic positions across the Puf repeats forms the basis of a different species, it has not been described as a putative Puf repeat. Based on our structure, the complete Puf contiguous hydrophobic core running through the molecule (Figure 2) . At the N terminus, the hydrophobic core domain encompasses residues from the N-terminal capping helix, through repeats 1-8, and to the ninth repeat/ is capped by repeat 1 and an additional N-terminal ␣ helix (residues 4 to 12). Three phenylalanine residues, C-terminal tail ( Figure 1 ). This is consistent with a deletion analysis that suggests the minimal RNA binding emanating from repeat 1 and the N-terminal helix, coalesce to cap the hydrophobic core. At the C terminus, domain extends from P1105 to K1426. the important capping residues come from the C-terminal tail, and not repeat 8. Because the protein in the RNA Interaction Surface The concentration of positive charge along the concave crystals contains only a partial C-terminal tail, the hydrophobic core at the C terminus remains largely unsurface suggests that it may be the binding site for mRNA. The positive charge is distributed across most capped. This may be the reason why Pum forms a "tail suggest that the RNA interacts with the inner concave surface.
We propose that hb mRNA binds to this inner surface in an extended single-stranded conformation. Algorithms that predict RNA structure suggest the NRE does not adopt a stable secondary or tertiary structure. The minimal NRE for high affinity Pum binding consists of nucleotides 3-27, which bracket specific contacts with nucleotides 9, 11-13, and structure, while the other changes the solvent exposed phenylalanine on the H1/H2 loop to a serine (F1367S) (Figures 5B, 5C, and 5E) . Thus, the Pum surface that 5C); the remaining six are in the putative 9 th repeat, not interacts with Nos appears to be limited to a small region in this crystal structure. Of these, only 3 (presumably that includes the eighth repeat and the C-terminal tail silent) substitutions fall on the solvent exposed concave (Figures 5E and 6 ). If this tail indeed does fold into a surface, with the remaining 52 lying elsewhere (Figure ninth Puf repeat as discussed above, then the Pum-Nos 5D). The relative paucity of substitutions within the inner interface would span a length of ‫02-51ف‬ Å on the outer surface is consistent with this being the area that conconvex surface. It is tempting to think that the C-terminal tacts the RNA (Figure 6) . Second, based on the structure, tail may only fold when Pum binds to the RNA, thereby we introduced single substitutions in solvent-exposed explaining why Nos is only recruited to the Pum/NRE residues along the inner surface in five of the eight Puf binary complex and not to Pum alone (Sonoda and domains and tested RNA binding activity in yeast (FigWharton, 1999) . The insertions into the long flexible loop ures 5B and 5E). Each of these mutants is inactive. Thus, in repeat 8 may modify its conformation such that F1367 the concentration of positive charge and the distribution is no longer exposed for interaction with Nos. The proposed Phe-Nos interaction is reminiscent of the way in of both silent and inactivating substitutions together 
